OBJECTIVES: To compare the Lecompte technique and the spiral anastomosis (complete anatomic correction) two decades after arterial switch operation (ASO).
INTRODUCTION
Dextro-transposition of the great arteries (D-TGA) is the second most frequent cyanotic congenital cardiovascular malformation leading to early death in most cases, if left untreated [1] . In 1975, Jatene et al. [2] performed the first successful anatomical correction of complex TGA retransposed in the physiological spiral arrangement. Lecompte et al. [3] introduced a method in the early 1980s, which is characterized by placing the pulmonary artery bifurcation in front of the ascending aorta representing the current routine surgical technique for arterial switch operation (ASO) [4] . Since then, short-term surgical results have been reported to be excellent with low mortality [5] . Long-term followup data revealed also excellent clinical results in the majority of patients but showed some rare drawbacks, including pulmonary stenosis [6] , dilatation of ascending aorta [7] , diastolic dysfunction [8] , aortic stiffening [9] and even progressive aortic regurgitation [10] , the latter potentially due to the steeply angled aortic arch after ASO [11] . These adverse long-term outcomes have prompted the evaluation of alternative surgical techniques [11, 12] . In the present study, we evaluated a cohort of consecutively corrected TGA patients, who received either a primary arterial switch with the Lecompte technique or physiological spiral anastomoses of the great arteries 20 years ago ( Fig. 1) .
Cardiovascular magnetic resonance imaging (MRI) was used to comprehensively evaluate cardiovascular anatomy and function, including novel 3D time-resolved phase contrast MRI techniques (4D-flow) to assess blood flow dynamics in patients and controls.
MATERIALS AND METHODS

Patients
Nine patients who underwent the Lecompte technique and 6 patients who underwent restoration of the spiral anatomic arrangement of the great vessels were studied at a mean of 20.8 ± 2.1 years after primary ASO in simple TGA (Supplementary Tables S1 and S2). All patients were operated by one of the authors (Hans-Hinrich Sievers) at the University of Kiel. This small series was stopped because the surgeon moved for a chief position to the University of Lübeck, where paediatric cardiac surgery was not practised. Moreover, five healthy volunteers of similar age were selected as control subjects ( Supplementary Table S2 ). The study protocol was approved by the local research ethics committee and informed consent was obtained from all patients and volunteers.
Description of surgical techniques
The Lecompte technique was performed as described [3] . Spiral anastomoses were performed in selected patients preferably with less pronounced rotation of the aortic root to the right of the pulmonary root as assessed by the surgeon although there was no significant difference in preoperative pulmonary to aortic artery angle ( Table 1 ). Postoperative calculations show that the spiral anastomoses were limited to a morphological situation where the angle between the pulmonary and aortic root does not exceed 45°rightward rotation of the aortic root to the anterior-posterior position (mean −32°± 15°, Table 1 ). This rotation in the Lecompte group was slightly more (8°, mean −40°± 25°, Table 1 ). Together, the spatial state of the great arteries in patients with a spiral anastomosis was between the anterior-posterior and the side-by-side configuration. In order to prevent tension and torsion of the neopulmonary artery and avoid potential compression of the left coronary artery, additional length for the neopulmonary artery was gained by transecting the aorta more distally than in the Lecompte technique. Furthermore, liberal mobilization of the ascending aorta and the arch as well as the pulmonary artery was performed. The pulmonary artery was completely released from the aorta and mobilized into the hila on the left and right side after transection in the middle of the pulmonary trunk. The coronary arteries were transposed, and then the aorta was anastomosed to the pulmonary root with 6/0 continuous polypropylene. The left coronary artery was tried to be placed in the pulmonary root as leftwards and as proximal as possible to prevent interference with the aortic root after being anastomosed to the distal pulmonary artery. In all patients, the conal branch of the left anterior descending coronary artery (LAD) was not sacrificed in those days; however, this surgical step could facilitate the spiral technique and make it safer against compression of the LAD. Thereafter, the distal pulmonary trunk was anastomosed to the proximal aorta using 6/0 polypropylene continuously. In one case with a 45°shift of the aortic root rightward and in front of the pulmonary artery, a 1 cm wide strip of autologous pericardium was used to enable the spiral anastomosis between the distal pulmonary artery and the aortic root without tension and torsion. The incidence of ventricular septal defect was zero and no trap-door techniques were used for coronary artery anastomosis. We now believe that this latter surgical manoeuvre could facilitate the spiral technique to prevent potential LAD tension.
Determination of the pre-and postoperative angle between the aortic and pulmonary root
From a cinecardioangiogram in anterior-posterior projection, the centres of the aortic and pulmonary roots, and the diameters at this level were determined. The distance between the centre points and the diameters allowed for calculation of the angle of the roots of the great arteries ( Fig. 1A , Supplementary Fig. S1 ). The postoperative angle was determined from axial cine MRI. As illustrated in Supplementary Fig. S2 , the angle was measured from the connecting line of the centres of the aortic and pulmonary roots and the sagittal line through the aortic root.
Comprehensive magnetic resonance imaging examination
MRI studies were performed on a 3.0 Tesla scanner (Achieva 3.0T, X-series, Philips Medical Systems, Netherlands) and a phased-array coil for cardiac imaging. Electrocardiography (ECG)-triggered cine series were obtained using a balanced steady-state-free precession cine sequence with the voxel size of 2.5 × 2.5 × 7 mm; repetition time/echo time of 4.0/2.5 ms and flip angle of 10°and temporal resolution of 45 ms axial-, short-axis-and four-chamber-views for left and right ventricular function analysis were acquired by cine MRI. The images were analysed with dedicated software (Extended MR WorkSpace, version 2.6.3.2 HF3 2010, Philips Medical Systems).
Myocardial perfusion images were acquired during the first pass of intravenous-injected low dosage contrast bolus (0.03 mmol/kg of Magnevist) with an ECG-gated, single-shot, saturation-recoveryprepared, gradient echo sequence with the following parameters: TE/TR/flip angle: 1/2.3 ms/18°, 192 × 160 acquisition matrix, parallel imaging with sensitivity encoding x2 acceleration, slice: 10 mm, 2 slices at basal and mid-level per R-R interval in short-axis orientation, 60 dynamics. For assessment of the hyperaemic response, adenosine was infused with a step-wise dose incrementation from 50 to 100 μg/kg/min, and 140 μg/kg/min, lasting 9 min (3 min per stage) [13] . Myocardial perfusion was quantified in ml/min/g, by deconvolution of the signal-enhancement versus time curves for myocardial segments with the arterial contrast enhancement curves, measured in the centre of the left ventricular cavity. Briefly, and as previously described, the perfusion images were segmented along the endo-and epi-cardial borders, and the myocardium was divided into six segments for the basal and mid-level slices.
For characterization of myocardial scar tissue, late gadolinium enhancement (LGE) imaging 10-15 min after contrast injection (Magnevist, Bayer Pharma AG, Berlin, Germany; 0.1 mmol/kg) was measured using an ECG-triggered 3D inversion recovery sequence in the same short-axis planes that were used for cine imaging (field of view 300 × 178 × 80 mm [3] ; voxel size 1.4 × 1.4 × 10 mm; repetition time/echo time 3.7/1.83 ms; flip angle 12°). LGE was quantified by using the mean signal and standard deviation (SD) in a region of interest in normal-appearing myocardium as reference, and setting a threshold of four SDs above the mean for normal myocardium as threshold for LGE.
Aortic dimensions and the aortic lumen area (for assessment of aortic distensibility) were measured by gradient echo cine imaging with retrospective ECG gating, using a stack of parallel, contiguous, 5 mm thick slices perpendicular to the aortic axis that were acquired at each measurement point ( Supplementary Fig. S3 ) to determine the maximum and minimum aortic diameter as described previously by our group [9, 14] .
Flow measurements
Time-resolved 3D phase contrast cine imaging, referred to as '4D-Flow MR', was performed with retrospective ECG and respiratory gating to measure cardiovascular blood flow in an axial slab of 30 × 30 × 15 cm 3 over 25 cardiac phases. The isotopic voxel dimension was 2.5 mm and the maximum encoding velocity was set at 300 cm/s. Evaluation of flow and visualization of the streamlines was performed with the flow analysis software GTFlow 2.1.4 (GyroTools GmbH, Winterthur, Switzerland) and 4DFloWorks, an in-house software for reading and processing 4D flow MR datasets developed at the University of California, Irvine, USA. 
Fluid dynamics analysis
The blood flow dynamics was examined using the novel software 4DFloWorks for computation of the helicity and relative helicity defined below. The basic quantity describing the rotation of a velocity vector field ðũÞ is the vorticityṽ:
wherer Â is the curl operator, a vector function that here describes the infinitesimal rotation of the 3D blood flow velocity vector field. The vorticity vector points into the direction of flow-helix axis when the helix is right-handed, and in the opposite direction if left-handed. Helicity (H) describes the tendency of the fluid flow through a cross-sectional area 'A' to follow a helical flow pattern associated with a net forward flow according to the following equation:
Helicity is a pseudoscalar quantity, and its sign reflects the direction of rotation; being positive for a right-handed helix, and negative for left-handed helical flow patterns. The relative helicity is quantified as a dimensionless quantity, namely by the cosine of the angle a between the velocity vectorũ and the vorticity vectorṽ:
High magnitude values of relative helicity are obtained when velocity and vorticity are aligned or antialigned (α = 0°or α = 180°). For the analysis of vessel area and through-plane velocity in the large vessels, eight positions were defined as follows ( Supplementary Fig. S3 ):
(i) aortic root (sinus Valsalva): about 1 cm above the aortic valve; (ii) ascending aorta in the middle of the ascending aorta; (iii) aortic arch: highest peak of the arch, perpendicular to the vessel; (iv) aortic isthmus: at the height of the pulmonary bifurcation;
(v) descending aorta: at the level of the diaphragm; (vi) main pulmonary artery: in between pulmonary valve and bifurcation (vii) (1.5 cm above the valve plane); (viii) right pulmonary artery: usually 1-1.5 cm distal to the pulmonary bifurcation; (ix) left pulmonary artery: 1-1.5 cm distal to the pulmonary bifurcation.
Peak through-plane velocity (v max ) was determined for orthogonal cross-sectional planes at the predefined positions from 4D flow MR data. This task was accomplished by multiplanar reconstruction using GTFlow. In the orthogonal cross-sectional planes, vessel area and v max were determined within manually drawn vessel contours.
The acquired 4D flow data were first converted to physical velocity fields using 4DFloWorks. The identification of the vessels was performed by a time-resolved phase contrast angiography with following relation:
where PV AM is the pixel value of the anatomical magnitude image and ðu; v; wÞ are the components of the velocity vector in the 4D flow MR image set. The physical velocity fields, as well as the computed vessel wall quantity, were exported from 4DFloWorks to Ensight (Computational Engineering International, Inc., Apex, NC, USA). The isosurface of the vessel at peak systole was chosen as the geometry of the vessel and stored in the stereolithography format using Ensight. In order to obtain the volume segments whose boundaries were determined according to our defined eight positions ( Supplementary Fig. S2 ), we used the open source software Meshlab (distributed through meshlab.sourceforge.net). Using Meshlab, we cropped the vessels and obtained six vessel segments. These volume segments were imported back to 4DFloWorks as stereolithography format for computation of helicity. 4DFloWorks identified the points within the so-defined vessel segments. Having these points identified for each vessel segments, we computed the helicity according to equation (2) . The global relative helicity was obtained by averaging relative helicity over segments corresponding to either aorta or pulmonary arteries.
The absolute values of relative helicity in the segments were averaged in order to obtain the relative helicity magnitude. The reconstruction of pathlines with GTFlow was used for a visual evaluation of vortex and helix formation. The blood flow dynamics in each case was checked for the presence of vortex formation. Helical scale was graded separately using the following grading scale: 0, small helix formation (flow rotation <180°); 1, moderate, supraphysiologic-helix (flow helix <360°); 2, pronounced supraphysiologic-helix (flow rotation >360°).
Statistical analysis
All statistical analyses were performed using commercially available software (SPSS 21.0; SPSS, Inc., Chicago, USA). The Mann-Whitney U-test for independent samples was used to compare the Lecompte group with the spiral group ( p1) and to compare the joint TGA group with the control group (p2). To compare all three groups at once (p3), Kruskal-Wallis test was applied. P-values greater than or equal to 0.05 were considered to be non-significant (n.s.). Descriptive variables are presented as the mean ± SD and categorical variables as absolute and relative frequencies.
RESULTS
Morphology
The morphological data are presented in Table 1 . The aortic root was larger in both TGA groups compared with controls. The ascending aorta was smaller in the spiral group. The cross-sectional area of the left pulmonary artery was smaller in the Lecompte group and the aortic arch was steeper (Fig. 1) . The angle of pulmonary to aortic root changed significantly in the spiral group towards control values.
Ventricular and valvular function, aortic elasticity, myocardial perfusion and scar
Ventricular and aortic data are presented in Table 2 . No significant differences were found in TGA groups considering myocardial perfusion, or myocardial scar with LGE, ventricular function and aortic elastic characteristics. There were 3 patients in the Lecompte group with mild pulmonary insufficiency (regurgitant fraction 9-20%) and none in the spiral group. Significant pulmonary stenosis was present in 2 patients in the Lecompte group and in 1 of the spiral group (patch plasty of the pulmonary artery). More than trace aortic regurgitation was present in 2 patients of the Lecompte group (i.e. regurgitant fraction 18 and 37%) and in none of the spiral group.
3D time-resolved phase contrast ('4flow')
The phase contrast data on velocity, visual vortex counting and grading of helicity and relative helicity are presented in Table 3 and Figs 2 and 3. The peak blood flow velocity was higher in the aortic arch in the spiral group compared with the Lecompte group. The number of vortices was higher in the Lecompte group. As indicated by the sign of relative helicity results, the flow pattern in control subjects changed from a right-handed to a left-handed helical flow during systole when moving from the ascending aorta towards the aortic arch down the descending aorta supporting previous findings [15] . The spiral group showed the same change in helical flow handedness as the control group. In contrast, the Lecompte group showed a different helical flow pattern: the orientation turned from a left-handed to a right-handed helical flow pattern when moving through the aorta. Owing to the limited number of patients in this study, differences in helical flow patterns-even though visually apparent-were not statistically significant.
The relative helicity magnitude that is used in this study is a dimensionless quantity that indicates the strength of helical flow patterns regardless of the patients' anatomy. In the aorta, relative helicity magnitude was significantly larger in patients who underwent the Lecompte procedure compared with the ones who underwent spiral reconstruction (Fig. 4) . Relative helicity in the aorta was not different between patients after spiral reconstruction and controls. In the pulmonary arteries, relative helicity significantly differed among all the three groups and was found significantly larger in the Lecompte group compared with the spiral group (Table 3, Fig. 2 ).
DISCUSSION
The novel finding in this study is that adult TGA patients 20 years after neonatal spiral anastomoses presented with a more physiological blood flow profiles in their great arteries compared with patients who underwent a Lecompte procedure (Figs 2 and 3) . Interestingly, in both groups, the neopulmonary root has rotated leftwards towards the normal anatomical position, significantly more in the spiral group ( Supplementary Fig. S2 ).
Assessment of cardiovascular function
The results of this study suggest that the surgical technique did not have any major influence on aortic bioelasticity, ventricular systolic and diastolic functions, myocardial perfusion and myocardial scar. However, the comparison between the TGA patients and control volunteers confirmed impaired myocardial perfusion [16] and aortic elastic properties, as previously reported by our group (Table 2) [9] .
Patients who underwent Lecompte procedure showed a reduced blood flow to their left lungs mainly due to a significantly smaller cross-sectional LPA area that is caused by the rightward position of the pulmonary root, and a pulmonary artery riding on the ascending aorta. Severe pulmonary artery stenosis after Lecompte procedure has also been described in other previous studies [10, 17] . Consistent with this previous finding, we found accelerated blood flow velocities in both pulmonary artery branches ( Table 3 , Fig. 3 ) but to a lesser degree compared with the one reported previously [10, 17] . Among the patients who received spiral anastomoses, 1 patient was found to suffer from mild pulmonary stenosis with a maximal gradient of 20 mmHg. This patient had received a pericardial patch elongation for pulmonary artery anastomosis. Refined patch techniques, surgical tailoring of the proximal pulmonary artery or extended mobilization of the peripheral pulmonary arteries may possibly ameliorate this problem and may be favourable to prevent potential left coronary artery compression. It would be interesting to evaluate if the evolution of surgical techniques over the last decades influenced our findings. Mild pulmonary valve insufficiency was identified in 3 patients in the Lecompte group and none in the spiral group, indicating that the leftward rotation of the neopulmonary root may not influence valve function.
Distensibility of the ascending aorta was decreased in both patient groups compared with the controls confirming previous reports [9] . Besides a possible genetic background [18] , surgical transection, or manipulation of the vasa vasorum [19] , or even denervation [20] may impact distensibility. This denervation may also reduce the myocardial perfusion reserve according to our cohort ( Table 2 ) [16] . We found a non-symptomatic coronary stenosis in 1 TGA patient after the spiral technique without regional perfusion deficit. Retrospective review of the surgery report did not indicate any particular anatomical variation.
Surgical considerations from 4D flow magnetic resonance analysis
The Lecompte technique is currently the standard technique [4] but it has been questioned in several independent publications because of its adverse sequelae in some patients in long term [11, 12] . The spiral technique for retransposing the great arteries preserves the physiological Romanesque shape of the aorta in Phase contrast data are presented as mean ± SD. The maximum velocity V max was measured using 2D phase contrast, whereas the other quantities (vortex count, relative helicity, wall shear stress) were measured and determined using 4D phase contrast (4D-flow). P-values refer to a comparison of groups: Lecompte and spiral (p1), controls and TGA (p2) and all groups (p3). contrast to the Lecompte technique that resembles a Gothicshaped arch (Figs 1 and 2) . Advanced MRI methods identified a larger number of vortical flow features, more commonly found in the aortic sinus and the main pulmonary artery trunk ( Fig. 2A and  B) with an increased aortic helical flow (Fig. 2C ) in patients who underwent Lecompte technique. The clinical implication of this observation remains speculative. Kilner et al. [21] discussed the favourable effects of the normal looped aortic curvature and the resulting flow characteristics on avoidance of atherogenicity and maintaining 'physically active lifestyle'. They concluded that spatial configurations should be reinstated if technically possible supporting the importance of the present study.
Stronger and more extended helical flow patterns could also be due to the steeper angle of the aortic arch in Lecompte patients, which may have a negative impact on the development of aortic regurgitation as well as systemic hypertension ( Supplementary  Fig. S2 , Table 1 ) [11, 22] . In the present study, we did not find aortic regurgitation above the trivial levels in the spiral group whereas we found 2 patients with mild (regurgitant fraction 8%) and moderate (regurgitant fraction 37%) insufficiency, respectively, in the Lecompte group. Compared with the age-matched control subjects, our data show that the cross-sectional area of the sinus and the ascending aorta are significantly increased in Lecompte patients (Table 1 ). However, we found no difference between the spiral and Lecompte groups. Lalezari et al. [18] demonstrated that the neoaortic root has some histomorphological deficiencies in collagen content and myocardial support that may explain the neoaortic root dilatation and consequently the aortic regurgitation after ASO. The patients in our cohort showed overall larger aortic root dimensions compared with controls. The riding of the pulmonary artery over the ascending aorta after Lecompte procedure frequently results in flow acceleration or stenosis of the pulmonary artery and its branches that may lead to a reoperation and/or right ventricular dysfunction [6, 9, 23] ; and the dynamic characteristic of this stenosis was shown by Gutberlet et al. [24] . Taken together, our 4D flow measurements yielded more physiological blood flow profiles in patients who underwent spiral anastomoses. Whether these findings assume more clinical relevance later in life remains to be evaluated.
Spatial relationship of the great arteries
The negative angle between the aortic and pulmonary root prior to the correction changed in both groups but more significantly in the spiral technique with neopulmonary root being rotated to the left (Table 1) , an arrangement that is also observed in the control subjects. Whether this rotation presents some kind of functional plasticity in the outflow tracts after birth remains speculative. It is well known that the cardiac tissue of an infant has not yet finally differentiated bearing the potential for postsurgical remodelling [25] . Unfortunately, sequential MR images during the growth period for these patients are not available to better study the time course of this phenomenon. Whether environmental factors such as mechano-transduction due to tension on the pulmonary artery after ASO contribute to the rotation of the pulmonary root towards a more normal spatial portion is unknown.
Limitations
The number of the patients enrolled in this study is small and patients are partially selected, limiting the statistical evidence. Owing to the overwhelming prevalence of the Lecompte technique, it may in fact be very difficult to perform a larger retrospective comparison study. Furthermore, the quantification of velocity, which is a novel imaging method, needs more investigation on specificity and sensitivity in a larger number of patients. Nevertheless, we think that the results shed some light on the long-term functional outcomes of the two techniques.
CONCLUSIONS
In this study, 20 years after primary correction of TGA, a more physiological blood flow pattern was observed using 4D Flow MRI in patients who underwent spiral anastomoses versus Lecompte technique. This may be due to the closer to normal anatomical position of the great arteries, aortic arch angle, ascending aortic and left pulmonary artery cross-sectional area after spiral anastomoses, when compared with the Lecompte technique. Ventricular function and aortic bioelastic properties were found similar in both groups. Although not significant, there were lesser semilunar valve dysfunctions after spiral anastomosis. The differences between both techniques may find more clinical relevance in the next decades and provoke rethinking of the optimal ASO technique in selected patients.
